Abstract. Constraints on coronal plasma parameters derived from remote and in situ observations are reviewed. The coronal observations include measurements of polarized white light and the widths and intensities of spectral lines. Emphasis is placed on electron temperatures derived from these measurements. In situ observations include mass flux, velocity and ion composition. Some of these observational results are in contradiction to each other. It is discussed how these contradictions could be overcome and what it means for the physical properties of the coronal plasma. The observations will are placed in context with different theoretical models of ion formation and solar wind expansion. Emphasis is placed on the fast solar wind originating in the polar coronal holes.
CORONAL PLASMA PARAMETERS
Since the launch of the Ulysses and SOHO spacecraft a wealth of information on the conditions in the corona and in situ solar wind has become available. Of particular interest for solar wind heating and acceleration are the electron temperatures and densities derived from the Solar Ultraviolet Measurement of Emitted Radiation (SUMER) instrument, and the effective ion temperatures which includes thermal and other randomly appearing motions, as well as flow speeds derived from the Ultraviolet Coronagraph Spectrometer (UVCS) on board SOHO. The SUMER observations show that the electron temperature in the region below 1.5 R S is less than 10 6 K ( Fig. 1 ) [1] , which is in agreement with electron temperatures previously derived from less reliable observations [e.g. 2, and references therein], and more recent results derived from emission measure distribution [3, and references therein]. UVCS observations reveal that the proton effective temperature is twice as high as the electron temperature at 1.5 R S and keeps increasing to at least 3¢10 6 K at 3 R S (Fig. 1) [4] .
The heavy ions are much hotter than the protons above 1.5 R S [6] . The ion temperature diagnostic is based on the measurements of the line widths of selected spectral lines such as H I Ly-α 1215.67 Å, and the line pair O VI 1032 and 1037 Å. It is in principle possible to determine the electron temperature in the same way from the width of the Ly-α 1215 Å Thompson scattered component [7] . However, for most regions in the corona, in particular for the source regions of the fast solar wind, these measurements are below the sensitivity of current instru- ments. Even though an instrument with sufficient sensitivity has been designed (a detailed description can be found at: http://cfa-www.harvard.edu/asce/), at present the only means we have to determine the electron temperature is via line ratio diagnostic. The spectral lines used by Wilhelm et al. [1] are the two Mg IX 708 and 750 Å lines. Using two lines of the same ion has the advantage that the ratio is not sensitive to outflow speeds. The ratio might depend on non-Maxwellian tails on the FIGURE 2. Ion ratio as a function of electron temperature when the electron density is varied from 10 6 to 4 ¢ 10 8 cm 3 . The curves for the different densities fall almost on top of each other. The atomic data are from the CHIANTI data base [9] . distribution if they are present, but this sensitivity is expected to be small [8] . This Mg line ratio is relatively sensitive to electron temperature as can be seen in Fig. 2 , which shows the ratio as a function of electron temperature for a range of densities that can be expected close to the coronal base, spanning from 10 6 to 4¢ 10 8 cm 3 . Due to the small density dependence of this line ratio, the curves for the different densities fall almost on top of each other.
The small density dependence can also be seen in Fig. 3 which shows the Mg line ratio as a function of electron density for a number of different electron temperatures. The atomic data used in these calculations are from the CHIANTI data base [9] .
The spectral line ratios observed by SUMER in a coronal dark lane which are assumed to be the source region of the high speed solar wind, are shown in Fig. 4 (solid line) [1] . The figure shows that the Mg line ratio is relatively constant over the observed distance range. A Si line ratio that is commonly used as density diagnostic is also shown (dashed line) [1] . Electron temperatures derived from models of the high speed solar wind are in agreement with temperatures derived from the SUMER observations. It has been known for quite some time that models of the high speed solar wind are in much better agreement with observed solar wind parameters such as in situ mass flux, flow speed and coronal electron densities if the coronal electron temperature in the models is low, 10 6 K. In Fig. 1 we show two electron temperature profiles derived from a 16-moment fluid solar wind model [10] . This model has the lower boundary in the upper chromosphere which is unaffected by the energy deposition in the corona. The density and temperature structure in the transition region and corona are uniquely determined by the type and location of the energy deposition. If only the protons are heated in the corona, the electron temperature that results from such a model is of order 5 ¢10 6 K since at coronal densities and flow speeds, the coupling between protons and electrons is not strong enough to transfer enough energy from the protons to the electrons. To increase the electron temperature to 10 6 K, a significant fraction of the energy has to be deposited directly into the electrons in the corona. To drive a high speed solar wind a total of about 4 ¢ 10 5 erg cm 2 s 1 has to be deposited into the plasma above the chromosphere. In the low T e case ( Fig. 1 , dashed line) 20% of that energy is deposited into the electrons in the corona. In the high T e case ( Fig. 1 , dotted line) we have tried to heat the electrons as much FIGURE 5. Coronal electron densities derived from observations and models. Observed densities are derived from measurements of polarized brightness of Thompson scattered white light, except densities by Wilhelm et al. [1] and Doschek et al. [11] which are derived using intensity ratios of selected spectral lines.
as possible without violating the other constraints placed by observations (e.g., mass flux, coronal density and proton temperature). To achieve an elctron temperature of 1.4¢10 6 K more than 30% of the energy has to be deposited directly into the electrons. The conduction downward is significantly increased in this case and additional heating in the transition region has to decrease accordingly to lower the density and maintain a reasonable mass flux (of order 2¢ 10 8 cm 2 s 1 ). The electron density in the corona is decreased to values slightly lower than observed which can be seen in Fig. 5 (dotted line). This figure shows the radial profiles of the electron density for the two theoretical models and the values derived from different coronal observations. We find that with reasonable mass fluxes, it is not possible to increase T e even further, without violating other observed parameters (primarily density and flow speed).
The proton flow speed derived from the models is shown in Fig. 6 together with flow speeds derived from different observational constraints. Flow speeds are derived from the electron density [12] (n e = n p , where p stands for proton) assuming constant mass flux and a flow tube expansion spanning from radial (lower solid dots) to seven times faster than radially (upper solid dots). Flow speeds derived from the densities by Koutchmy [13] (open squares) and Munro and Jackson [14] (filled squares) using the same assumptions are also shown in the figure. Different Doppler dimming observations are also shown in the figure, [e.g. 6] , where open triangles are flow speeds of O VI ions and crosses represent proton flow speeds. Some flow speeds derived from Interplanetary Scintillation observations are also plotted [15] .
IONIZATION BALANCE CALCULATIONS
The above observational and theoretical constraints on the electron temperature in the inner corona are in contradiction to the ion charge states observed in situ in the solar wind. The in situ ion fractions are connected to the coronal plasma parameters through the ionization balance equation:
Here A is the expansion of the flux tube, r the radial distance from sun center, n i and n e are the ion and electron number density, respectively, and v i is the flow speed of the ion species. The ionization rate is:
e G´v e µdv e (2) where v e is the velocity of the electrons and G is their velocity distribution function. The recombination rates, 
On the other hand if the distribution function is non-Maxwellian with a high energy tail, for example, then the exact shape of the distribution also plays a role. This shows that the rate coefficients depend on the electron temperature as well as the details of the electron distribution function and the atomic physics. The formation of the ions, therefore, depends on the electron density, temperature, the detailed character of the distribution function, as well as the flow speeds of the individual ion species in the entire region where the ions form.
If 
If on the other hand v i increases and n e becomes very small, then for v i = v i·1 , the ratio in Eq. (3) is constant. It is often assumed that the ions are coupled initially and then decouple, or freeze-in, instantly, such that the ion ratio measured in situ reflects the electron temperature at the point where the ions decouple.
If such simplified assumptions are not made then the set of coupled equations, Eqs. (1), has to be solved for a given n e (r) making assumptions about the ion flow speeds, v i (r), and the electron distribution function. Time dependent variations of plasma parameters that might be present in the corona, could also affect the ion formation. Since the in situ ion fractions are averaged over long time periods (see for example Ko et al. [17] ), these time variations would not necessarily show up in the in situ observations. However, they should show up in the coronal observations, unless they have very peculiar time periods relative to the spectroscopic observing times.
If the ion fractions are interpreted in the traditional way, namely assuming a Maxwellian distribution of the electrons and that all ions of the same element flow at the same speed, then a coronal electron temperature can be derived. It is the temperature maximum that is the interesting physical parameter, as this determines how much of the total energy has to be deposited into the electrons in the corona (see above). It is, therefore, not particularly interesting to take just one, more or less accidental, ion ratio and determine that somewhere in the corona there is a temperature of 10 6 K. All the ions that are measured in situ should be taken into account and modeled to derive the temperature maximum [e.g. 17]. The results that are derived from such an approach should be compared to coronal plasma conditions derived from other observations (e.g., Figs. 1, 5 and 6). Figure 7 (solid lines) shows the ion fractions measured in situ by the SWICS instrument on board ULYSSES. The ranges shown are the actual measured values plus/minus an estimated error (upper/lower solid lines). These measurements were carried out during the first polar passage of Ulysses and are described in Ko et al. [17] .
SOLUTION FOR HIGH CORONAL ELECTRON TEMPERATURES
If it is assumed that the electron distribution function in the corona is Maxwellian and that all ions of the same element flow at the same speed, then solving the set of Eqs. (1) leads to a temperature of the form shown in Fig. 8 (best fit model in Ko et al. [17] ). The ratios of C ions (as well as O ions, not shown in the figure) are formed at temperatures below 10 6 K, the Mg ion ratios need temperatures of order 1.4¢10 6 K, and the higher charge states of Si form at a temperature of about 1.6¢10 6 K. For these ratios to form in the same plasma it is necessary that the temperature has a profile with a marked and relatively narrow temperature peak. Whether a ratio freezes-in before or after the temperature peak is determined by the corresponding ionization and recombination rates. The rates of the Si ions shown in Fig. 7 are faster than O rates, for example. The Si ions couple, therefore, to larger distance where the electron density is lower and the flow speeds are higher. The difference in the rates is, however, not enough to separate the freezing-in distances of the ion ratios sufficiently. For the calculated ratios to fit the observations it is also generally necessary that the elements flow with very different flow speeds, with O and C flowing more slowly and Si and Fe flowing faster (e.g. Ko et al. [17] ). In addition, in a situation where the gradients are large as in Fig. 8 , the ions might pass through the plasma volume without ever coming to ionization equilibrium at the local temperature if the time an ion spends in that volume is short relative to the time it takes to ionize. In order to still ionize the same number of ions as in the equilibrium case, the electron temperature has to continue to increase above the equilibrium ionization temperature to compensate for the decrease in electron density. For example, the peak temperature has to be closer to 2¢10 6 K if the Si flow speeds are close to the observed proton flow speeds.
The temperature profile shown in Fig. 8 leads to line ratios that are much steeper than the ones observed by SUMER as can be seen in Fig. 4 (dotted line) . It is difficult to explain that disagreement with the uncertainty in the atomic physics as such an uncertainty is more likely to shift the curve up or down, rather than changing its gradient. For the temperature (density) diagnostic this FIGURE 7. Observed ion fractions plus/minus error estimates (upper/lower solid lines) from Ko et al. [17] . Ion fractions calculated for observed coronal temperatures fit the measured values only if it is assumed that the electrons have a high energy tail already low in the corona (dotted lines) or that ions of the same element have large differential flow speeds (dashed lines). (In cases when not all four lines are shown for an ion, some of the lines fall on top of each other. For the Mg 6· ion, the calculated value for the non Maxwellian case is smaller than observed. However, the observed values of that ion are the least reliable of all the observations. We have, therefore, not paid much attention to that value. could only be the case if the ratio was very sensitive to density (temperature) and/or flow speed. Since only one ion is involved, the ratios are obviously not dependent on the flow speed. The density dependence of the Mg ratio is small as can be seen in Fig. 3 . Likewise the temperature dependence of the Si ratio is also small [e.g. 1]. Due to the discrepancy between the coronal electron temperatures deduced from coronal observations and model calculations, and in situ charge state observations, it seems highly questionable at best that the in situ charge states can be the result of an electron temperature profile that is both narrowly peaked and has a high maximum value. Such a temperature profile is also hard to explain from a theoretical point of view since heat conduction, which is close to classical in that region, [18, e.g.] , will be very efficient at such high temperatures and will therefore smear out large temperature gradients.
ORIGIN OF DISCREPANCY: RESULTS AND DISCUSSION
Since the parameters that are involved in determining the formation of the ion fractions in the corona are complex as was described above, there might be more than one factor giving rise to the discrepancy between coronal and in situ observations. Two possible explanations have been discussed in the literature: 1. Non-Maxwellian electron distribution functions, similar to the ones observed in situ, exist already in the ion forming region [8] ; 2. Large differential flow speeds between ions of the same element are present in the corona [19] . Both, distribution functions and sets of flow speeds can be found that with a set of coronal electron core temperatures and densities, in agreement with the ones shown in Figs. 1 and 5 , lead to frozen-in ion fractions inside the observational limits shown in Fig. 7 (dotted and dashed lines, respectively) . In order for the 5 elements to encounter the electron distribution function that is needed to reproduce the in situ ion fractions, the differential flow speed between elements has to be significant, as in the case where the in situ ion fractions are explained by a high, narrowly peaked electron temperature profile (see above). Since the nonMaxwellian character of the distribution function most likely increases with radial distance from the Sun (rather than decreases), the O ions have to flow fastest since they only need a small tail on the distribution, the Fe ions, on the other hand, need a larger tail, and have to flow more slowly so that they can decouple higher up in the corona where the tail is more developed. To calculate the values given in the figure, it was assumed that the halo on the distribution is fully developed at 1.4 R S , contains 5% of the electrons, and has a temperature of 5 times the core, as is observed in situ in the solar wind (see Esser and Edgar [8] for details). In case of the differential flow speeds between ions of the same element, the ratio of adjacent flow speeds has values ranging from 2 (for O ions) to several orders of magnitude (for Si ions) (see Esser and Edgar [19] for details). However, using a multi-fluid solar wind code where continuity, momentum and energy equations were solved simultaneously (e.g. 15 sets of equations for Si), it was recently shown by Chen et al. [20] that it is impossible to produce such high differential flow speeds between ions in the regions where the ion formation takes place. As long as the ions form they couple to each other which leads to a coupling of the flow speeds as well, even if the ions are strongly preferentially heated. Large differential flow speeds can only be produced outside of the ion forming region. In case of the non-Maxwellian electron distribution, it was previously shown by Lie-Svendsen et al. [21] that halos and tails do not naturally develop in the corona. If they exist they must, therefore, be actively created by for example heating processes. The electrons must be heated in the corona in order to reach a temperature of 10 6 K. It is presently not known what that heating mechanism might be. It remains, therefore, to be seen whether this mechanism could be the origin of a halo in the electron distribution function sufficient to produce the ion fractions.
Given the complexity of the coronal plasma conditions and ion formation, additional coronal observations, particularly of the electron temperature and differential ion flow speeds, seem to be necessary. Such observations can only be carried out with spectroscopic instruments that have at least an order of magnitude increased sensitivity, such as The Advanced Spectroscopic and Coronagraphic Explorer (ASCE) mission recently worked out by Kohl et al. (http://cfa-www.harvard.edu/asce/). This type of observational approach will improve the possibility to interpret the ion fractions observed in situ. Presently we only know that they do not reflect the coronal electron temperature correctly. Progressing from there to a unique and correct prediction of coronal conditions is presently not possible.
